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The last decade or so has witnessed a resurgence of in t e re s t  

i n  an area relat ively neglected for  a long time i n  favor of s te l lsr  

studies by professional astronomers - the f i e l d  of planetary 

astrophysics (as opposed t o  pure astrometry of the planets).  This 

development has been stimulated i n  large par t  by the present 

avai labi l i ty  of space vehicles which of fer  the  poss ib i l i ty  of 

unequivocal decision on questions for  which the evidence obtained 

by the t rad i t iona l  means of the  telescope is  marginal at best. 

Simultaneously with t h i s  belated recognition by t h e  astronomers 

of a l o s t  child,  the waif has been adopted by the geophysicists, 

who have extended t h e i r  purview over the  en t i r e  solar  system. 

fac t ,  the  si tuation has developed t o  the  point where it is  frequently 

d i f f i cu l t  t o  assign t h e  proper paternity (astronomical or  geophysical) 

t o  a paper. 

In 

The present discussion is concerned with such an interdisci-  

plinary problem - the relationship between surface features observed 

on the  moon and t h e  earth. "he questions at  issue are of obvious 

importance, i n  view of t h e  imminence of the  unmanned lunar landings 

of the Surveyor series of spacecraft and the  manned mission of Apollo 

t o  the  moon planned for  t h i s  decade. 

t ha t  the  views expressed here are generally accepted. 

Ho representation is  m a d e  

Note t o  the  Editor: 

could be marked by a space or other means. 

A break i n  the argument exists here which 
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Scattered over t h e  earth 's  surface are perhaps several dozen 

meteoritic craters or clusters of craters.  

known of these is  the Barringer (or  Meteor) Crater i n  Arizona, a 

gaping hole i n  the  earth over a kilometer across. 

observer on t he  ground, such a feature does not appear too conspicu- 

Probably t h e  best 

To a dis tant  

ous; it looks l i k e  one of t h e  buttes of the Southwest. 

however, one notes tha t  t h e  ground slopes upward gradually t o  the  

top of the rim, where fragmented rock and huge boulders may be 

strewn. 

precipitous decl ivi ty  into the p i t  of t he  crater.  For the larger  

craters ,  the inner slope approaches a sheer c l i f f ;  t o  an observer 

on the brink, t he  view i s  that  of a vast c i rcular  amphitheater below. 

On approach, 

But beyond the  rim, t h e  ground slopes downward i n  a 

Invariably, the  t rue  bottom of the  p i t  lies below t h e  leve l  of 

the surrounding te r ra in ,  although sediments, a lake, or  vegetation 

m a y  obscure t h i s  fact superficially. 

out an explanation of these features as volcanic craters ,  which 

This circumstance alone rules 

generally show t h e  reverse condition (except for  the re la t ive ly  rare 

formation known as a caldera of collapse). For at  least a century, 

[: 
f 
f, c 

t he  genesis of t h e  craters  was a matter of controversy among geolo- 

g i s t s ,  who were loath t o  accept an ext ra te r res t r ia l  origin. 

first such craters  noted h is tor ica l ly  w e r e  the cluster  on the 

The 

Estonian island of Oesel i n  the Baltic Sea, recorded i n  1827. The 

Arizona c ra te r  was first brought t o  attention i n  1891. Conclusive 

evidence of t he  origin of t h i s  c ra te r  i n  a meteorite impact was 

not provided u n t i l  1932, by D. M. Barr inger ;  similar proof fo r  the 

Oesel c luster  was not forthcaning unt i l1937.  

t 
r*.- -- . 
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Unequivocal demonstration of meteoritic origin of a crater 

depends on elimination of possible geological processes as a cause, 

and the  discovery of meteoritic material (usually iron o r  nickel) 

i n  association w i t h  the  crater .  On t h i s  basis, about f i f teen  

c ra t e r s  or clusters of c ra te rs  throughout t h e  world have been 

authenticated as definitely of meteoritic origin. 

those certified on the r ig id  cr i ter ion noted, many more craters 

exis t  fo r  which a meteoritic origin i s  suspected, on t he  basis of 

strong evidence. 

I n  addition t o  

Meteoritic craters have been found i n  every 

continent (except Antarctica). 

where erosion and sedimentation are slow. 

 hey tend t o  appear i n  a r id  regions, 

For meteorite craters which are both large and old, complicating 

factors enter t h e  problem of identification. 

of isostasy may operate t o  bring in to  equilibrium t h e  disturbance 

i n  the  ear th 's  crust  produced by the crater .  Over a suff ic ient ly  

long time, i sos ta t ic  readjustment may cause the c ra te r  rim t o  

descend because of the  added weight on t h e  rock underneath, while 

the  f loor  of t he  crater  is  thrust upward simultaneously. This and 

the  concomitant processes of erosion and sedimentation may destroy 

t h e  crater  as such. 

otherwise undisturbed strata may be left  as the  scar of the  former 

crater .  

known t o  geologists for  a long time and recognized as caused by 

an explosion of unknown origin. 

cryptovolcanic features t h e  l a t t e r  name implies a presumed 

volcanic source of the  explosion. 

The geological forces 

Only a circular r ing of upturned rock i n  

This description applies t o  a class  of large formations 

They are called cryptoexplosive o r  

E 
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Over the past few years, a t  least a dozen cryptoexplosive 

features have been ident i f ied as meteoritic i n  or igin and not vol- 

canic, as presumed. The diagnostic c r i t e r i a  used are the presence 

of coesite, s t ishovi te ,  and shatter cones i n  the  formations. 

Coesite and s t ishovi te  are dense forms of si l ica ( the main constit- 

uent of common sand) which can be created only under high pressure 

and w e r e  discovered i n  laboratory experiments similar t o  those i n  

which a r t i f i c i a l  diamonds were first produced. Shatter cones are 

conical. fragments of rock wi th  s t r ia t ions  on the  surface radiating 

from t h e  apex. Laboratory experiments indicate t h a t  t h e  pressures 

required t o  produce coesite, stishovite, and shatter cones are too 

high t o  be generated i n  a volcanic explosion. 

The largest  cryptoexplosive feature identified as meteoritic 

(through shatter cones) is the Vredefort R i n g ,  i n  the Orange Free 

State of South Africa. Its diameter of about 50 km has been 

estimated t o  correspond t o  an energy release of roughly a million 

megatons of TNT. 

tons ( i n  the  Mike shot i n  Operation Ivy) seems t o  be about t he  

maximum reported by the  Atomic Energy Connnission f o r  a hydrogen 

bomb. 

In contrast, an energy release of about 15 mega- 

It must be appreciated t h a t  a meteoritic c r a t e r  is  not fonned 

by simple percussion of t h e  impinging body, l ike the  splash of a 

stone i n  mud. The bodies forming the  craters  are suff ic ient ly  

large tha t  they suffer  only sl ight  loss  of speed and mass i n  tra- 

versing the  atmosphere. Fur the r ,  the  veloci t ies  involved are SO 
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high (above 11.2 km/sec) , that the kinetic energy exceeds the 

explosive energy of an equsl mass of a chemical explosive l i k e  TET. 

When the meteorite s t r ikes ,  shock waves are in i t i a t ed  which race 

back into the  meteorite and ahead in to  the  ground. 

waves, t he  material of t he  meteorite and the  subjacent ground is  

transformed in to  a hot dense gas at extreme temperature and pressure, 

far above what any sol id  material can withstand. 

explosive expansion of t h i s  gas produces the  crater .  

meteoritic craters  are approximately circular ,  independently of 

t h e  angle of f a l l  of the meteorite. 

t o  recover more than a s l igh t  fraction, i n  the  form of small frag- 

ments, of t h e  original m a s s  of t he  meteorite. 

at  astronomically possible velocit ies actually generate pressures 

and temperatures of explosive magnitude was demonstrated by Gilvarry 

and H i l l  i n  a calculation f r o m  first principles rather than on 

Behind t h e  shock 

The subsequent 

For t h i s  reason, 

Further, it is rarely possible 

That meteoritic impacts 

empirical grounds. 1 

Note t o  the  Editor: 

be marked by a space or other means. 

A break i n  t he  argument ex is t s  here which could 

~~~ 

The surface of t h e  moon is dominated by an astonishing array of 

c i rcular  craters .  

been measured w i t h  small telescopes, so t ha t  t he  actual number may 

run above the millions. Many (par t icular ly  i n  the  highlands) show 

sharp features and a d e f i n i t e  outl ine,  while others (especially in 

t he  lowlands) appear damaged and even ruined. 

Over 30,000 on the  v is ib le  side of the  moon have 

Since they were f i r a t  
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seen by Galileo i n  1610 with his crude telescope, t h e i r  origin is 

a question which has provoked speculation and controversy. Over 

the preceding century the  view was prevalent that  the  c ra te rs  w e r e  

primarily of volcanic origin. In 1893, t he  geologist G. K. Gilbert  

demonstrated t h a t  t h i s  view was untenable, since the shape of the 

lunar crater  does not conform t o  that  observed for  atemestrial 

volcano, i n  general. 

guished by a re la t ive  lack of identifiable volcanic features. 

In f ac t ,  the surface o f t h e  moon is distin- 

The lunar craters  show the sa l ien t  characterist ics of a 

meteoritic crater  - the  upraised rim with a gradual slope on t he  

outer face and a steep one on t he  inner, and a floor depressed 

below the  leve l  of t he  neighboring te r ra in .  For t h i s  basic reason, 

t he  consensus among most astronomers and many geologists today is 

tha t  the vast W o r i t y  of the  lunar craters  w e r e  formed by explo- 

sive impact of meteorites on the  moon's surface, as proposed by 

Gilbert i n  1893. Obviously no direct  evidence has been observed 

fo r  t h e  meteoritic iron and nickel, t h e  coesite, the  s t ishovi te ,  

and the  shatter cones which must be associated with the lunar craters ,  

on the basis of the impact hypothesis. However, t h e  argument can be 

strengthened by indirect  means, based on the fact  that the rela- 

t i v e  dimensions of a terrestrial meteoritic crater  are character- 

i s t i c .  In 1933, L. J. Spencer of t h e  Brit ish Museum noted tha t  t h e  

depth of a terrestrial meteoritic crater  i s  roughly o n e s i x t h  of 

the  diameter, i n  general, and the same is true for craters formed 
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This figure is  about by mili tary mines and high-explosive shells. 

correct for  the  smallest lunar craters  whose dimensions can be 

determined telescopically. 

The argument w a s  put i n  more sophisticated form by 

R. B. Baldwin' i n  1949. 

formed by a r t i l l e r y  shells and bombs at low energy and accidental 

chemical explosions at high energy. H e  was able t o  construct a 

curve of diameter plotted against depth for  these craters  which 

runs smoothly in to  the  corresponding curve f o r  those lunar craters  

of h i s  Class I ( the  youngest on the  basis of t he  least appearance 

of superficial  damage), as shown i n  Fig. 1. 

two types of crater  &as supplied by the  terrestrial meteorite 

craters ,  which occupy an intermediate position. 

a continuous progression through the three types of formation. 

Along it, the  depth varies smoothly from one-sixth of the  diameter 

for  the  s m a l l  c ra ters  t o  about one-twentieth fo r  the  largest  lunar 

craters, with a diameter approaching 150 lrm. The genetic re la t ion 

implied by the  Baldwin  curve is one of the strongest arguments f o r  

the explosive origin of lunar craters  i n  meteorite impacts. 

H e  considered t h e  dimensions of craters  

The bridge between the 

The curve displays 

Although Baldwin's correlation i s  rather convincing, it 

neglects ent i re ly  the  most conspicuous features of the  lunar surface - 
the  dark areas apparent t o  the  eye. 

gave such a dark formation the Latin name " m e ,  

t h a t  it was  a sea. 

The earliest lunar observers 

tl on the  presumption 

These features certainly are not X i m a r  seas - 
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today. 

t he  term mare i s  generally regarded as a misnomer. 

In view of the current belief that  they never were sees, 

The maria can be divided in to  t w o  broad classes. One class  

shows irregular borders. The other corresponding t o  the  circuler  

m a r i a  is  characterized by a nearly ci rcular  outl ine and t he  presence 

of an encircling ring of mountains, w i t h  an escerpment on the inner 

w a l l  and a gradual slope on t h e  outer face. 

the leve l  of t he  surrounding highlands. Therefore, a circular  

mare shows the  main features of a meteorite crater .  

of the  class is  Mare Imbrium, which i s  about 1000 km i n  diameter. 

It is t h e  dark patch appearing on t he  moon's disc toward t h e  top 

(as viewed from the  aorthern hemisphere). 

the  moon, about six other circular m a r i a  are recognized. 

"he floor l ies below 

The erchetype 

On the v is ib le  side of 

Since t h e  circuler  maria show the  essent ia l  character is t ics  

of a lunar crater ,  one must regard them as created by impect of e 

meteorite, although they are considerably larger  than the average. 

However, some peculiari ty m u s t  have been present i n  their  mode 

of formation. 

t h e i r  diameter is  far below t h e  usual, since the  former is only 

about one two-hundredth of the  lat ter.  

covered, par t ia l ly  or completely, by some material whose derk and 

smooth appearance has generally been regarded as suff ic ient  evidence 

t o  identify it as lava. 

proposed. 

In the  first place, t h e i r  depth as cumpared t o  

Secondly, the i r  f loors  ere 

Various sources of the lave have been 

K d w i n  haqx%kiesized th=t the lsva vas released from the  
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moon's in te r ior  through fissures rent by the  meteorites on impact. 

In t h i s  connection, the  author has pointed out that the existence 

of a dust layer over the  ent i re  surface o f t h e  moon, as revealed 

by eclipse observations and microwave measurements, largely 

v i t i a t e s  t he  argument fo r  the  presence of 1ava.j 

The first clue t o  a physical factor capable of affecting 

sharply the  re la t ive  dimensions of an explosion crater  a t  t he  time 

of formation was  provided by the thermonuclear explosfon Mike i n  

Operation Ivy, conducted by t h e  Atomic Energy C d s s i o n  i n  1952. 

The explosion took place on Elugelab, a s m a l l  isle i n  the chain 

ringing the  lagoon of Eniwetok Atoll  i n  the  Marshall Islands. 

According t o  the press of the time, Elugelab was completely blasted 

away t o  leave a crater  2 Inn i n  diameter and 60 m deep. 

basis of t h e  Baldwin curve, the depth should have been about 

300 m. Thus, the  observed depth w a s  far less than what one would 

expect for an explosion on land, and the  difference obviously was 

caused by the  presence of water of appreciable depth i n  the lagoon 

of Eniwetok. 

the  cratering effect of nuclear bombs i n  water have been released 

by the  Atomic Energy Cammission. 

Note t o  the Editor: 

could be marked by a space or other means. 

On the 

Since the time of the Mike shot, detailed data on 

A break i n  the  argument ex is t s  here which 

~ ~~ ~~~ 

The Mike explosion suggests that the  former presence of water 

on the moon could have affected the  re la t ive  dimensions of craters.  

. .. 



However, i n  invoking water or an atmosphere on the  moon, one is 

faced with an apparent impasse. 

at  a high speed, determined by t h e  temperature and increasing with 

it. In t h e  upper layers of the atmosphere of a body l i k e  the  

earth,  t h e  temperature is  far above tha t  at ground level.  

consequence, some gas molecules a t  these heights may reach veloc- 

ities exceeding the  escape velocity fixed by the  gravitational 

a t t ract ion of the parent body - the velocity a rocket must a t t a i n  

t o  escape. 

phere with t i m e ,  but only for  a small one with i t s  associated low 

escape velocity is  the effect  pronounced. 

of escape of atmospheric gases w e r e  first carried out by S i r  James 

Jeans, and yielded the result that  none of the l i gh te r  gases such 

as water vapor, nitrogen, o r  oxygen could have been retained f o r  

appreciable periods by the moon, because of i t s  re la t ive ly  smal l  

m a s s .  

b i l l i on  years, since t h e  age of t h e  earth as measured by radio- 

ac t iv i ty  is about 4.5 b i l l ion  years. 

The molecules of every gas move 

As a 

For th i s  reason, every planet tends t o  lose i t s  atmos- 

Computations of t he  time 

In t h i s  connection, a significant t i m e  period is roughly a 

However, the computations of Jeans (and later of Baldwin)* 

w e r e  based on a t a c i t  but determinative assumption. 

ular and important case of water, the procedure neglected the fact 

tha t  loss of water vapor from an atmosphere can be replenished by 

evaporation from oceans. 

molecules of water i n  the  terrestrial oceans as compared to the 

number of molecules of any kind in t he  atmosphere, t he  crux of t he  

In t he  partic- 

Because of t he  enormous number of 
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jxo?;lez: is tc estimate reliably t h e  extent of any oceans which once 

may have existed on the  moon. 

a large correction factor f irst  pointed out by L. Spitzer and 

I n  addition, Jeans' analysis require8 

f j u s t i f i ed  further by t h e  t 
During the  past few decades, it has become increasingly c lear  

t ha t  the terrestrial atmosphere and oceans are not residual from 

primordial antecedents present at  t h e  t i m e  of t he  ear th 's  genesis. 

Rather, both the  atmosphere and the  oceans are of secondary origin,  

formed by exudation from the underlying ear th  through its surface. 

Both astronomical evidence, i n  the form of data on the cosmic 

abundances of chemical elements as compared t o  t h e i r  terrestrial 

values, as well as purely geological evidence, conspire t o  yield 

t h i s  conclusion. Granted t h i s  premise, one must assume t h a t  any 

oceans on t he  moon w e r e  formed by leekage from i ts  in te r ior ,  analo- 

gously t o  the  case of the  earth. The t o t a l  amounts of w a t e r  exuded 

by t he  moon and e-h can reasonably be expected t o  be simply propor- 

t i o n a l  t o  the  masses of the  parent bodies. On the  assumption t h a t  i 
F, 

the  time for  effusion was shor t  compared t o  the  corresponding lifetime, 

one finds an average depth of about 2 Ism for  t he  lunar oceans before 

the i r  dissipation. 

turns out t o  be of the order of three b i l l ion  yearsY6 corresponding 

t o  the  approximate diurnal. range of 1000-2000° K for  the  temperature 

of t h e  terrestrial escape layerY7 as one notes from Fig. 2. 

estimate i s  about two-thirds of t he  earth's lifetime. 

The time required for  escape of water vapor 

This 

With the  possibi l i ty  o f t h e  presence of water on the  moon . 

suggested for a significant time, one is  in a position t o  explain 

H I  
4 

t 
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t h e  re la t ive  dimensions of the  circular  lunar maria. These maria 

are simply the  oldest and largest  of the lunar c ra te rs ,  formed at 

a remote time i n  t h e  moon's past when the  bombarding meteorites 

were larger than in later aeons. A t  t h i s  epoch, the lunar oceans 

were of appreciable depth, and the presence of t h e  water resulted 

i n  the  shallow depth compared t o  the  diameter observed. From data 

for  craters  produced by nuclear explosions i n  water, one can con- 

s t ruc t  a curve of diameter plotted against depth, which shows a 

smooth progression f r o m  t h e  craters formed by t he  nuclear explo- 

sions into the craters  corresponding t o  the  circular  maria, as 

shown by Fig. 1. 

provided by those of Class V on the moon, t he  oldest in point of 

A bridge between the two types of c ra te rs  is 

damaged appearance. The depth varies smoothly along t h i s  curve 

from one-fortieth of t h e  diameter for  the craters  frcxn nuclear 

bombs t o  one two-hundredth f o r  t he  maria. This curve is precisely 

analogous t o  Baldwin's curve, fo r  t h e  case where water of appre- 

ciable depth is  present. 

of Classes IV, 111, and I1 of Baldwin, as he c l a s s i f i e s  them i n  

One observes f r o m  Fig. 1 that t he  c r a t m  

order of decreasing age relat ive t o  the  m a r i a  by apparent degree 

of damage, follow intermediate l o c i  corresponding on t h i s  theory 

t o  the variation i n  water depth as a result of thermal dissipation 

of the hydrosphere. On the basis of t he  presenthypothesis, it is 

t he  existence of the  water t h a t  produces d i rec t ly  or  indirect ly  

the  damaged appearance of the c ra te rs  and maria, primarily. 
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Since these correlations conceivably could arise by a mechanism 

other than the  effect  of water (such as an adequate erosive process 

operative on an airless and waterless moon),e one should look for  

confirmatory evidence of the  hypothesized former presence of a 

lunar hydrosphere. 

s m a l l  area available for  watersheds, and thinness of the  atmos- 

Because o f t h e  relat ively l o w  surface gravity, 

phere (composed i n  later stages primarily of water vapor), erosion 

by flowing r ivers  and the i r  t r ibu tar ies  should not have reached the  

significance observed on the  earth. Thus, drainage patterns of 

the  type (dendrit ic,  pinnate, o r  other) characterist ic.  of r ivers  

should appear i n  t h e  highlands but not prominently. 

has shown observationally that t o  some degree t h i s  actually seems 

t o  be the  case. 

by him consist of sinuous rills associated with craters ,  suggestive 

of t h e  drainage pattern from a ta rn ,  or mountain lake. 

Shoemaker1* has noted the existence of several short lunar  valleys 

w i t h  associated formations s i m i l a r  t o  del tas ,  which may be the relics 

of streams. 

pr i s t ine  presence of a lunar hydrosphere. ' 3 ' 
the re la t ive  lack of prominence of f luv ia l  drainage patterns i n  the  

Pickering' 

Many o f t h e  features i n  the  highiands described 

F'urther, 

One can point t o  other observational evidence for  t he  

Telescopically, 

highlands can be understood on the  basis of resolving power (1 km 

for  the  best photographs and 100 m fo r  visual observation through 

a large telescope under t h e  best seeing conditions). 
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On the  hypothesis discussed here, t he  dark material i n  t h e  maria 

represents sediments deposited from t h e  lunar oceans i n  t h e  course 

of t h e i r  dissipation. 

of t he  maria simply because these are the  lowest regions, where the  

The sediments are concentrated i n  the  bottoms 

last oceanic w a t e r  pocketed. On these considerations, a large part 

of the  erosion evident for  t he  lowland regions of t he  moon must 

have taken place under water. A signif icant  amount may have been 

done by the  si l t  carried by turb id i ty  currents, which are known t o  

play an important ro le  in cutting submarine canyons on t h e  earth.  

It is clear  t ha t  the  moon's surface may not always have been t h e  

dead wasteland t h a t  we see now - it may have passed through a 

youth as turbulent as tha t  of t he  surface of t he  earth. 

Two lunar m a r i a  have been photographed at  close range and at 

high resolution by cameras i n  the  Ranger series of space vehicles. 

The theory presented here is consistent with t h e  photographs of t he  

surface of Mare Nubium transmitted t o  the  ear th  by Ranger V I I .  

no deep dust ex is t s  on a mare, apparently.l3Sl4 

the  furrows, cracks, and f issures  appear (at  a resolution less than 

1 m) which one expects i n  lava sheets,15 nor the  flow patterns 

one anticipates i n  t h i s  case,13 as is evident from the photographs 

published by the  National Aeronautics and Space Administration. 

The photographs taken by Ranger V I 1 1  throw no s ignif icant ly  new 

l i g h t  on t h i s  question, since they show t h a t  Mare Tranqui l l i t a t i s  

i s  essexi t idly swhr tc Mere X~biim in surface features. 16 The 

pictures transmitted by Ranger IX are of Alphonsus, a crater 

Thus, 

In  addition, nei ther  

' 
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bordering on a m a r e  and the highlands, and again are insufficient 

t o  s e t t l e  the question at issue. It is more than probable that  

f i n a l  adjudication cannot be made on the  basis of photographs alone, 

and must await the  results from the S m e y o r  and Apollo missions. 

The dark color o f t h e  sedimentary deposits i n  the  bottoms 

of the maria remains t o  be explained. 

of organic carbon i n  a sediment i s  sufficient t o  yield a dark 

Since only a small amount 

rock, the author has postulated t h a t  a primitive form of l i f e  once 

existed i n  the lunar All the requirements for  t he  

origin of l i f e  would once have been m e t  on t h e  moon, i n  view of 

the presumed existence for  an extended time of an atmosphere and 

oceans. Their presence would reduce the  large range of temperature 

observed at' present between lunar day and night. In f ac t ,  at the 

t i m e  i n  question, t he  mean surface temperatures of the  moon and 

ear th  must have been about the same. The time scale available is  

d is t inc t ly  favorable t o  the  possibi l i ty  of l ife.  The oldest known 

f o s s i l  plant is  an alga discovered i n  rocks whose age measured by 

radioactivity indicates that l i f e  began on the ear th  within about 

two b i l l i on  years of its origin, a t  most. This figure is a b i l l i on  

years less than the approximate time of escape calculated for  

lunar oceans. Thus, one can speculate tha t  l i f e  originated on the  

moon through the  same evolutionary processes required t o  explain 

l i f e  on t h e  earth. 
> 

The i n i t i a l  steps were the  formation of f a i r l y  

complex organic molecules through the action of solar ult raviolet  
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radiation and l ightning discharges on t n e  gases in iti reducf-q 

atmosphere, as reproduced i n  t h e  laboratory t o  some extent. 

A posi t ive clue ex is t s  t h a t  there  once was l i f e  i n  the  lunar 

 ocean^.^,^^,^^ As the  oceans dissipated, the-dark coloration i n  

the  basins of t he  circular  m a r i a  tended t o  recede from t h e  bases 

of the  encircling mountains, as is evident i n  t h e  pattern of 

l i g h t  and dark color i n  t h e  m a r e  f loors.  It is character is t ic  of 

l iv ing  matter t o  follow t h e  re t reat  of i t s  habi ta t  i n  t h i s  mannerd 

Other less def in i te  clues exis t  .6,12,17 

Note t o  t he  Editor: 

could be marked by a space or other means. 

A break in  the  argument exists here which 

The present considerations have a d i rec t  bearing on t he  

These are glassy objects problem of the  or igin o f t e k t i t e s .  

found i n  strewn f i e lds  of large extent over many regions o f t h e  

-globe. In  general, they display signs of two periods of melting, 

although t h i s  character is t ic  is most marked i n  those (the 

aus t r a l i t e s )  found i n  Australia. Since t h e i r  chemlcal composition 

can be matched by terrestrial rocks, many or igins  fo r  these bodies 

from the  ear th  have been proposed over t he  years. A wide school 

of thought incl ines  t o  the  belief t ha t  t h e i r  provenance is 

terrestrial, i n  some manner. 

An equally wide school of thought adheres t o  the  v i e w  of 

H. H. Nininger t h a t  t h e  tektites are fragments bf rock fused 

i n i t i a l l y  by meteoritic impact on the mouii aiid ejected fl.m the 

lunar surface by the  force of t he  explosion.6*18 This suggestion 
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is  i n  accordance with t h e  theoretical  and experimental data on 

ejection veloci t ies  of fragments i n  hypervelocity impact .I9 

second melting phase displayed by these obJects then occurred 

during supersonic passage through the  ear th 's  atmosphere. 

t ions t o  the possibi l i ty  of a swam of bodies f romthe moon fa l l i ng  

on the  earth i n  a compact cluster seem t o  have been m e t  i n  recent 

years on the basis of several possible modes o f t r a n s i t  from the  

The 

Objec- 

moon. 

pheric entry, the  theory of lunar origin yields properly two 

periods of fusion, t he  observed flow structure on t he  surface 

and the  shape of these objects, as well as the  distribution over 

the  ear th 's  surface. 

results on the  cosmic-ray exposure ages of the  tektites implying 

t h a t  t h e i r  point of origin i n  the solar system can be no more 

remote than the  moon. l8 

Subject t o  the  val idi ty  of one of these avenues of atmos- 

Further, the theory seems compatible with 

However, t he  chemical composition of most t e k t i t e s  is similar 

t 
I .  

t o  t ha t  of sedimentary rocks, and the view tha t  such rocks could 

not be present on t h e  moon has precluded general acceptance of 

the  idea of a lunar origin. 

by the  present theory, which implies the  presence of lunar sedi- 

mentary rocks. 

par t ic les  i n  the lunar sediments, required t o  yield the  

This par t icular  objection is  m e t  fully 

Erosion would explain the  existence of quartz 

l echa te l ie r i te  (f'used s i l i c a )  found i n  tektites. 'Fbrther, the 
c .  

sa l ien t  anomalies of isotope abundances observed i n  these objacts 

could be explained by the  presence of residual water of low 

e 
i 
f 
f .- 
f '  

t 



20 

concentration under the surfaces of the  maria t o  recent times2' 

(a hypothesis suggested by many investigators but not for the  

purpose i n  question here). 

On t he  basis discussed, the present theory is  suff ic ient  t o  

m e e t  a l l  the requirements for a lunar origin of tektites.18 

Note t o  the  Editor: A break i n  t h e  argument exists here which 

could be marked by a space or other means. 

The foregoing interpretation of the evidence has been assailed 

vigorously by Gales, Urey, et til21 i n  a le t ter  of comment on an 

a r t i c l e  by the author,22 which prompted a strong rebuttal by 

Lear.23 

-- 

A major basis of their objections is that  no evidence of 

a pr i s t ine  hydrosphere on the  moon exis ts  i n  the form of obsemable 

river beds on t he  lunar surface or  of sedimentary plains on the 

m a r i a  floors. This cri t icism is consistent w i t h  Urey's long 

championship of the  idea tha t  the floors of the maria are lava 

sheets created by t h e  formerly molten residues of the  impinging 

0 

meteorites t ha t  created these features. However, he has recently 

espoused w h a t  amounts i n  many respects t o  a variant form o f t h e  

theory presented here 24 

On t h i s  latest theory, Urey asserts that the  comparatively 

smooth floors of the  maria mey be t h e  beds of ancient temporary 
I 

lakes, the w a t e r  and in part  t he  sedimentary context of which 

Were %rsiisferr& frnm the earth t o  the  moon i n  a col l is ional  

process. This view obviously implies the presence of a pr is t ine  



atmosphere and hydrosphere fo r  some time, sufficient i n  h i s  own 

words t o  permit ra infa l l .  In t h i s  connection, he c i t e s  the 

evidence adduced by Shoemakerlo fo r  the former presence on t he  

moon of streams of l imited duration. 

these bodies of water on t h e  moon may have been inoculated w i t h  

viable l iving matter or a t  least  by organic canpounds from t he  

earth,  i n  t h i s  i n i t i a l  process of t ransfer  of terrestrial material. 

t o  t he  lunar surface. 

lunar water is  effusion from the in te r ior  of the moon, i n  complete 

correspondence with t h e  predicated case for  the  earth, and the 

hypothesized lunar l i f e  is indigenous. 

Further, he claims t h a t  

On Gilvarry's theory, the  source of the 

The purpose of Urey's theory i s  t o  explain the presence of 

organic compounds in the carbonaceous chondrttes. 

meteorites is res t r ic ted  i n  number (only a f e w  dozen examples 

are known t o  exist). Urey purports t o  explain t h e i r  presence on 

the  ear th  by postulating that  they arise as fragments thrown off 

t he  moon by col l is ion with it of meteoritic bodies fromthe 

asteroidal belt .  

This class  of 

In t h i s  manner, he explains the presence of any 

organic matter of abiogenic or biogenic origin or any f o s s i l  vestiges 

of l i f e  tha t  may be present i n  the  carbonaceous chondrites as the  

terminal. result of a sequence of events i n i t i a t ed  by a t ransfer  of 
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terrestrial antecedents through space to t he  moon. Thus, a second 

t ransfer  process (from the  moon i n  t h i s  case) is invoked t o  

explain the terrestrial presence of matter s ta ted t o  be derived 

ultimately f r o m  the  earth i t s e l f .  

As mechanisms for  t h e  hypothesized t ransfer  of water, sedi- 

mentary rock, organic matter, and possibly l iv ing  matter from our 

planet t o  i t s  satellite, Urey c a l l s  upon the  splashing ef fec ts  

in to  space from the  terrestrial oceans involved e i ther  i n  escape 

of the  moon from t h e  earth or else capture of t he  moon by the 

ear th .  As he s t a t e s ,  the first mechanism is  highly unlikely. 

notes tha t  t h e  second hypothesis probably would e n t a i l  the  

presence of an additional body of lunar s ize  i n  the process; 

t h i s  circumstance done would strongly pedorate i t s  probability. 

In any event, the  over-all probability of the sequence of events 

postulated by Urey is  a joint  one, correspondingly lower than t h a t  

of t h e  two individual processes (transfer of matter from the earth 

t o  the moon and back again). 

l as t ing  at least a f e w  days (and possibly a long period) from 

H e  

Further, during t h e  t r a n s i t  

t he  earth t o  the  moon, the  l iquid spray would possess insuffi-  

cient gravity of i ts  own and would lack t h e  cohesive forces of a 

Solid t o  prevent it from flashing off into the vecuum of space as 
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P 

a vapor. Binary stars (such as 8 Lyrae)  ex is t  i n  which t ransfer  

of atmospheric gas fiom one body t o  the other is  possible, but 

the  primary m a s s e s  involved i n  the system are of stellar and 

not planetary magnitude. 

In the  opinion of the author, the fraepaents spalled f r o m  the  

moon by meteoritic impact that  are capable of reaching the earth 

in  forms susceptible t o  recognition as extraterrestrial intruders 

are t h e  tektites, primarily. Because of t he  high temperature they 

have been exposed t o  i n  the  coll ision on t he  satellite, they I 

should be essent ia l ly  devoid of carbon from the maria, except 

possibly for  t races  of occluded gaseous campounds o f t h i s  element. 

For the  material thrown out of a lunar cra te r  by meteoritic 

impact, the region of re la t ively high velocity in the flaw f i e l d  



1 necessary for  escape is also the region of high 4emperature. 

Thus, it would be very unlikely for  the organic constituents of t h e  

carbonaceous chondrites t o  escape dissociation and vaporization 

i f  t he  source of these bodies were the lunar meteoritic impacts 

postulated by U r e y .  On t h i s  argument, t h e  only fragments of the  

moon that could be found on earth i n  substantial  numbers are the 

t ek t i t e s ,  or fused s i l i ca t e s  of some kind, i n  general. Independently, 

G a u l t  has reached the  same conclusion.2S 

In any event, no organic material f r o m  the  carbonaceous 

chondrites has been proved of biogenic origin,  nor have any fos s i l  

forms of extraterrestrial l i f e  been ident i f ied unambiguously i n  

these meteorites.” A t  least i n  the case of E fragment fram one 

such meteorite (Orgueil), a hoax of the  type of Piltdown man may 

have been perpetrated. 26 

Note t o  the  Editor: A break in  the argument ex is t s  here which 

could be marked by a space or other means, 
~~ 

It i s  clear  from t h i s  discussion that t he  presence i n  former 

times of lunar oceans yields a direct  explanation o f t h e  origin 

and relative dimensions of t h e  lunar m a r i a  and of the  nature of 

the i r  floors. 

is  correct on the basis of provenance. 

It i s  ironical t ha t ,  on these views, the  name m a r e  

The correlation of dimensions of the  lunar maria and craters  

has been extended 2~ t k e  s-&har t o  t he  terrestrial ocean basins, 

on t h e  hypothesis (made also by others) t h a t  these features were 

formed by explosive impact of large meteorites et a pr i s t ine  
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It is ne!cessary to assume time far back in the Precambrian.27*28 

that, at this epoch, the terrestrial hydrosphere covered the earth 

uniformly. 

to the present discussion, it has  not been pursued here. 

Since this theory raises issues not entirely germane 

Over the preceding ages, theories of the type considered here 

were amenable to verification only by indirect means, at the best. 

However, a current effort prolnises to change this situation. 

is now a matter of national policy on the part of the United States, 

in competition with Russia, to analyze samples of lunar rock 

remotely by the unmanned vehicles of the Surveyor series in the 

near future, and to examine the lunar surface directly by men 

landed on the moon in the Apollo mission within the decade. 

It 

Thus, 

the opportunity is at hand to observe directly the conclusive 

evidence for the impact theory of lunar craters - the meteoritic 
iron and nickel, the coesite, the stishovite, and the shatter 

cones. 

an abstract question shortly - it can be affirmed conclusively 
The former presence of lunar life inferred here may not be 

if biogenic carbon or fossils are found in the dark rocks ofthe 

maria. Hence, the present generation is living at a unique time 

in history when centuries of speculation may finally be ended 

with definitive answers. 

The author wishes to thank Professor L. W. Friedrich, S. J. 

of Marquette University and Dr. C. W. Little ofthe Physics Club 

of Milwaukee for their invitation to give this address. The text 
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as printed is an adaptation in part (with changes to bring the 

material up to date) of an article22 published in and copyrighted 

by Saturday Review. 
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Fig. 1. Correlation of diameter D as a function of depth d for 

vasious classes of craters and the circular lunar maria. The 

solit3 curves correspond to fitted f'unctlons for craters on land 

and in water, applying to lunar craters of Classes I (including 

IH and IS) and V (including the lunar maria), respectively. 

The craters of Classes IH and IS are those of Class I lying in 

the highlands (hard rock) and the maria (soft rock), respec- 

tively. 

111, and IV are shown dashed. 

every tenth lunar crater i n  Classes I3 and IS appear. 

The correlation curves for lunar craters of Classes 11, 

In general, points for only 

Fig. 2. Lifetimes of vwious constituents ofthe primitive lunar 

hydrosphere and atmosphere, as e function of assumed temperature 

in the escape leyer et the top of the atmosphere. The curves for 

02 and 12 are indistinguishable on the scale used. 

. .  






